Long-term stability is a key property of enzyme membranes that can be used for biosensors, bioreactors, and bio-fuel cells. This review discusses factors that decrease the stability, and provides two examples of enzyme membranes, a polyion complex membrane and a cellulose membrane, with which stability loss can be avoided. By using these materials, long-term stability was improved. These supporting materials could be applied to construct biosensors, bioreactors, and bio-fuel cells.
Introduction
Much attention has been paid to the development of stable enzyme membranes for use in biosensors. Efforts have been undertaken to improve the stability of enzyme membranes, e.g., long-term stability, high-temperature stability, 1, 2 and pH stability. 3 Since enzymes are denatured by heat and in acidic and/or basic environments, it is expected that the stability of enzymes can be improved by modifying them in such a way that they survive in these environments. In contrast, the long-term stability of enzyme membranes depends not only on the lifetime of the enzyme, but also on the stability of the membrane materials. Moreover, long-term stability is mainly of interest in these studies because the results will help to extend the lifetime of sensors and bioreactors. 4, 5 This review focuses on the long-term stability of membranes.
To improve the long-term stability of immobilized enzyme membranes, factors that decrease the stability should be eliminated. These factors can be classified into the following three groups: 1) lifetime of the enzyme and membrane materials, 2) strength of immobilization or entrapment, and 3) the fouling of samples due to proteins, lipids, and contaminants, such as microorganisms. The factors that exist on enzyme membranes can be simple or complex; however, sometimes, many factors can be addressed by improving one aspect.
It is known that the long-term stability of enzyme membranes is related to the stability of the matrix material and the activity of the immobilized enzyme. Protein engineering technology can be used to improve enzyme stability by substituting some amino acid residues in the enzyme by using genetic engineering. 6 This method is effective in some cases, but it is difficult to determine which mutation improves the stability of the enzyme. Furthermore, the method does not guarantee an improvement in the stability of all enzymes, and increasing the lifetime of enzyme membranes would not be obtained by this method at this scientific stage.
The strengthening of immobilization would be easily archived by employing another immobilizing method; covalent bonding [15] [16] [17] [18] [19] [20] [21] [22] [23] There are some solutions used to improve the stability of enzyme membranes. To prevent the fouling of the membranes (protein adhesion), the surface morphology of the materials is important. However, it was not conclusively shown that microand nano-scale structures prevent such material adhesion. Another possibility is to exchange the matrix materials with those that prevent adhesion; changing the immobilizing methods and surrounding materials could also improve the stability. By employing the above-mentioned points, the following two examples are novel matrix materials that increase the stability of enzyme electrodes.
Polyion Complex Membranes
A complex of two polyelectrolytes, polyanions and polycations, can be used in various areas. 24, 25 Our group has applied the technique of complex formation to prepare enzyme membranes (polyion complex membrane). The detailed preparation method of enzyme membranes and unique permselective characteristics of the membranes were presented in a previous review, and items related to our previous studies were cited in this review. 24 One of the advantages of polyion complex membranes is that once the complex is formed, the membrane is very stable. 26 This is because it is formed between polyanions and polycations molecular chains; if the electrostatic binding were composed of only one site, the binding would be easily reversed by association and dissociation, which would alternately occur at one site of the electrostatic binding. If binding occurs at multiple sites, it is difficult to reverse it at all sites simultaneously; the formed complex is very stable (Fig. 1) . The bonds would be extended to surrounding polymers that have counter charges, i.e., since three-dimensional structures would be formed, the membranes would show very stable characteristics.
Not only stable complex binding, but also the characteristics of the membranes affect the stability on the polyion complex membranes. With regard to polyion complex membranes, it has been reported that fouling due to proteins in the samples is suppressed. 27 However, because the samples would contain many fouling-causing substances, it is supposed that the surface charge of the membranes would protect the adhesion of proteins in the samples. With regard to high-concentration samples, enzyme membranes would be expected to exhibit improved long-term stability. Our group studied the adsorption of proteins to polyion complex membranes at suitable preparation conditions on an immuno-sensor; the adsorption amount was reduced to one-tenth compared to that of membranes with a polydimethylsiloxane surface. 28, 29 From these results, it can be concluded that fouling due to proteins can be reduced, and long-term stability can be improved by using a suitable matrix.
By using polyion complex membranes as the matrix of enzyme electrodes, an improvement of the stability would be accomplished because of the stability of the complex and protection from fouling. Table 1 gives several enzyme electrodes that have used polyion complex membranes as a matrix. [30] [31] [32] [33] [34] The long-term stability was noticeably changed by using polyion complex membranes as matrices, i.e., an enzyme electrodes that used a polyion complex membrane as a matrix exhibited improved long-term stability.
However, there are some problems with regard to enzyme electrodes that use polyion complex membranes. One problem is peeling from the base plates; i.e., sometimes the dried polyion complex membrane peels off from the base plates. Especially, some detergents affect the weak attachment of the membranes on the base plates. 35 Another problem is swelling; the membranes swell in aqueous solutions because of using ionic polymers; thus, the response signal of enzyme electrodes using polyion complex membranes would be slightly drifted. Studies of how to prevent these problems are in progress. To solve the problems, one possible solution would be to employ chemically stable materials instead of polyion complex membranes. Polycations (+ mark; red ones), which have positive charges, and polyanions (-mark; blue ones), which have negative charges, bind electrostatically to each other. The binding process can be supposed to be the same as a zipper (it called Zipper model). Once the complex is formed, the polymer cannot be separated.
Cellulose Membranes
As mentioned in the above section, if more stable materials were to be used instead of polyion complex membranes, the long-term stability could be improved. In any case, it could be expected that the stability of the membranes would be significantly improved by solving the swelling problem. With regarded to the stability of some materials against chemical agents, cellulose would be the most appropriate material for addressing this problem. Cellulose is known to be very stable against physical property and chemical reagents; 36, 37 it can only be dissolved in strong acids and bases.
The stability of cellulose against chemical and biological agents has both advantages and disadvantages. One of the disadvantages is the solubility of cellulose in solvents. Strong acids or bases can dissolve it; however, these solvents could cause serious damage to the biomolecules that are to be immobilized. In addition, cellulose does not have any functional group that could be used for immobilization. As a result, it would be difficult to immobilize biomolecules on a cellulose matrix when these solvents are used.
Recently, it has been reported that ionic liquids have unique characteristics, e.g., they have low vapor pressure, are non-flammable, and have high conductivity and solubility. Moreover, it was reported that cellulose can be dissolved in ionic liquids. [38] [39] [40] Fortunately, some ionic liquids can be mixed with water. After forming a layer using a cellulose-containing ionic liquid, cellulose membranes can be formed by precipitating the cellulose; the ionic liquid can be easily removed because cellulose cannot be dissolved in water. Cellulose membranes can be prepared by using this method. In addition, this method can be modified to immobilize enzymes (Fig. 2) . A cellulose-containing ionic liquid was dropped on the dried enzyme layer; the ionic liquid was removed by immersing the whole plate in water. 41 After drying, a cellulose-covered enzyme layer was obtained.
After preparing the cellulose membrane, force modulation microscopy was used to observe the membrane. Force modulation microscopy is a specific type of atomic force microscopy, which is used to measure the movement of the cantilevers at a nominal resonance frequency. 42, 43 Based on the vibration amplitude and the phase delay, the local mechanical properties of surfaces can be analyzed. Figure 3 shows a phase difference image of a cellulose membrane obtained by force modulation microscopy. 38 The image shows that the membrane does not have uniform firmness; cellulose exists as crystalline and amorphous parts. Because of the particular structure, the stability of the immobilized biomolecules would be maintained.
The long-term stability of the enzyme that was immobilized onto the cellulose membrane was examined by measuring the oxidation current of hydrogen peroxide, which was produced by the reaction of an enzyme, glucose oxidase. Figure 4 shows the daily response current of 1 mM glucose on an enzyme electrode that was based on a glucose oxidase-covered cellulose a. Response magnitude was expressed as the ratio of the response on the last day of the experiment and the initial response. Fig. 2 Preparation method of enzyme-immobilized cellulose membranes. After drying the enzyme solution on the base plate, the enzyme layer was covered with a cellulose-containing ionic liquid. Then, because the ionic liquid dissolves in water, the whole plate was immersed in water to remove it. After drying the plate, a cellulose-covered enzyme layer was obtained.
membrane. For 100 days after preparing the membrane, the response magnitude remained almost unchanged; it gradually decreased after 120 days, 41 and reached 50% of the initial value after 300 days (data not shown here). Thus, the enzyme membrane improved the stability.
The reasons for the improved stability would be protection from biological contamination by the cellulose membrane, and stabilization from the membrane matrix (compared with polyion complex membranes, enhanced stability is evident). Based on these results, it would be expected that the matrix enhances the stability against chemicals. The stability of biomolecules would be enhanced by their immobilization. A detailed examination is in progress.
Thus, the long-term stability of enzyme-containing cellulose membranes is improved compared to that of other enzyme membranes, and the lifetime of the enzymes is increased by immobilizing them onto the cellulose membranes. The duration effect would be caused by the stabilizing effect of the cellulose matrix. The immobilization method can be applied to prepare enzyme electrodes for biosensors as well as for biofuel cells and bioreactors.
Conclusions
In this review, we introduced two kinds of matrices for the construction of enzyme electrodes that would be effective to improve the long-term stability of enzyme electrodes. As described in the introduction, eliminating the three factors that reduce the stability would be effective to increase the lifetime of enzyme electrodes; the development of suitable matrix materials would be the most effective approach to improve the stability of enzyme electrodes. Although the detailed mechanism for improving the enzyme stability is not fully understood, it should be elucidated in the near future.
Stable enzyme membranes can be applied to biosensors as well as to bioreactors and biofuel cells because stability is associated with the lifetime of these products; thus, improving the stability is a key point. The materials used for enzyme membranes can be applied to immobilize various biomolecules. Fig. 3 Force modulation microscopy image of the cellulose membrane; 41 force modulation microscopy (FMM) phase image (500 nm × 500 nm) of the membrane. FMM was performed by vibrating the cantilever at 10 -300 kHz on atomic force microscopy. The phase shift (delay) between the applied vibration signal and the cantilever position was measured. The phase shift relates to the softness of the surface; a large delay part of the phase shift (white part in the figure) means a lower elasticity of the material. Ideally, the phase shift is independent of the topographic value; thus, the image can be used for estimating the elastic property on the materials. In this figure, the black part is higher elasticity of the material, so that the part would be crystalized, and the white part would be amorphous. Fig. 4 Daily response to 1 mM glucose on a glucose oxidase-covered cellulose membrane electrode. 38 A potential of 1.0 V vs. Ag/AgCl was applied on the base electrode.
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